A nterior knee pain is a common orthopaedic problem characterized by peripatellar and retropatellar pain during stair climbing, squatting, or sitting for long periods. 5, 8, 12 Anterior knee pain has been connected with various predisposing factors, such as malalignment of the lower extremities, muscle imbalance, decreased flexibility, and excessive repetitive knee movement. With the arrival of neurodynamic theory, some researchers have proposed that minor nerve damage or altered mechanosensitivity of the femoral nerve may contribute to anterior knee pain. 2, [21] [22] [23] It has been shown that mechanosensitivity of nerves increases following injuries.
6,7 Sanchis-Alfonso and Roselló-Sastre 21, 22 further suggested that excessive local pressure over the patella might cause periodic short episodes of ischemia, which may trigger neural proliferation and cause pain. Neurodynamic testing is designed to assess the responses of the nervous system (neurodynamic responses) when encountering mechanical stimuli. 2, 23 By sensitizing nerves with a series of movements, the mechanosensitivity of the nerves can be determined by measuring the joint range of motion (ROM) and perceived pain or discomfort. 2, 13 To determine whether neurodynamic responses contribute to the occurrence of clinical symptoms, the structure differential maneuver, such as neck flexion/extension, could be added to further change the stress on the neural tissues in question, while minimizing the movement of the musculoskeletal tissues in the target region. 1, [2] [3] [4] 10, 15 In patients, the T T STUDY DESIGN: Matched-control, crosssectional study.
T T OBJECTIVES:
The purpose of this study was to compare the responses to the femoral slump test (FST), including the change in hip range of motion and level of discomfort, between subjects with and without anterior knee pain.
T T BACKGROUND:
Anterior knee pain syndrome is a common problem among adults. The FST is the neurodynamic test used to assess the mechanosensitivity of the femoral component of the nervous system. However, as of yet, there is no literature discussing the use of the FST in patients with anterior knee pain.
T T METHODS:
Thirty patients with anterior knee pain and 30 control participants, matched by gender, age, and dominant leg, were recruited. The subjects received the FST, during which the hip extension angle and the location and intensity of pain/discomfort were recorded. Reproduction of symptoms that were alleviated by neck extension was interpreted as a positive test. Differences in hip extension angle and pain intensity between groups were examined using a 2-way, repeatedmeasures analysis of variance and a Kruskal-Wallis analysis. The level of significance was set at α = .05. neurodynamic test is considered positive if the original painful symptoms can be reproduced and the intensity of those symptoms can be influenced by the structure differential maneuver. 9, 13, 19, 20, [23] [24] [25] For example, a straight leg raise test would be positive if the straight leg raise test reproduced the patient's low back pain symptoms and neck extension (structure differential maneuver) decreased those symptoms.
T T RESULTS:
There are 2 branches from the femoral nerve, the medial and lateral patellar nerves, which run along the patella. Maralcan et al 18 showed that the femoral nerve played an important role in patellofemoral pain symptoms by giving local anesthetic injections to the medial and lateral patellar nerves in 20 patients with anterior knee pain, which significantly reduced the pain intensity. The femoral slump test (FST) is a neurodynamic test that can be used to assess the femoral component of the nervous system. 2, 13, 14 Lai et al 13 reported the neurodynamic responses to the application of the FST in young, asymptomatic subjects using hip ROM and perceived thigh pain. These authors 14 further examined the specificity of the FST in the assessment of experimentally induced anterior knee pain and found that the structure differential maneuver (neck flexion/extension movement) did not change the intensity of the artificially induced knee pain in more than 75% of subjects in their study. This indicated that the FST provided the anticipated test response (negative) in more than 75% of the subjects.
14 However, to our knowledge, no study has yet examined neurodynamic responses to the FST in patients with anterior knee pain. Therefore, this study was designed to compare the neurodynamic responses (hip ROM and pain) between subjects with and without anterior knee pain, and to compare those responses between subjects who presented with a positive FST and those with a negative FST. The hypotheses of this study were that (1) subjects with anterior knee pain would present with a smaller hip ROM as compared to healthy controls, and (2) subjects with a positive FST would show a smaller hip ROM compared to those with a negative FST and to controls.
METHODS

Subjects
T
his was a matched-control, cross-sectional study. A sample of 30 subjects with anterior knee pain and 30 healthy, asymptomatic subjects was recruited from the Taipei area via internet advertisement. The sample size was based on the results of a pilot study 16 suggesting that 30 subjects per group would be needed to reach a statistical power of 0.85 for comparing the hip extension angle between a control group and a patient group (effect size, 0.72), and 8 subjects per group would be needed to compare the hip extension angle between a positive FST group and a negative FST group (effect size, 1.44). The inclusion criteria for those in the anterior knee pain group were (1) being between 18 and 50 years of age; (2) having peripatellar or retropatellar pain in the last 3 months; (3) having symptoms that worsened with at least 2 of the following activities: stair climbing, squatting, kneeling, or sitting for a long time; (4) showing 2 or more positive signs on the following clinical tests: Clarke's sign, Waldron test, active patellar grind test, patellar compression test, 16 and palpation of the medial/lateral articular border of the patella. All patients were evaluated by the principal examiner and diagnosed by an orthopaedic surgeon or physiatrist as having anterior knee pain syndrome. The exclusion criteria were (1) specific knee joint pathology, such as meniscus or anterior cruciate ligament injuries; (2) history of lower extremity or spine operations; (3) apparent movement limitation of the spine, knee, or hip joints; (4) other major health conditions, such as malignancy. Subjects in the control group were matched by age, gender, and leg dominance, and had to be asymptomatic for neck, back, hip, or knee pain for the last year and to have no history of operations on the spine or the lower extremity joints. Participants signed informed consent forms, and the study protocol was approved by the Institutional Review Board of National Yang-Ming University, Taipei, Taiwan, Republic of China (serial number 1000012).
Procedures
Subjects performed warm-up exercises, including 5 minutes of stationary bicycle and self-stretching of back, iliopsoas, quadriceps, and gastrocnemius muscles. Because of the possible links between anterior knee pain and deficits in lower extremity muscle strength and flexibility, and the potential impact of muscle activation and flexibility problems on the results of neurodynamic testing, 1, 4, 13, 15, 16 a series of physical examinations for lower extremity flexibility, strength, and alignment, as well as functional testing and the general ligamentous laxity test, were conducted. This ensured that lower extremity flexibility or strength did not interfere with the results of the FST. The flexibility tests included the Thomas test, 90/90 passive knee extension test, Ely test, and Ober test. The strength tests included assessments of quadriceps strength and hip abductor and extensor strength; the measures of lower extremity alignment included quadriceps angle (Qangle), anteversion of the hip, tibial torsion angle, leg length, the navicular drop test, and the Feiss line; functional tests included the full-squat and half-squat, single-leg half-squat, and lateral stepdown test; to assess general ligamentous laxity, the Beighton scale was used. 11, 13, 16, 17 The physical examination was followed by the FST. In the patient group, imaging data were also collected, including sulcus angle, congruence angle, and lateral patellofemoral angle, 17 to ensure that there was no difference in bone geometry between the 2 (positive and negative) FST groups. Femoral Slump Test The principal examiner performed the FST based on the methods described by Lai et al, 13, 14 and
the second examiner measured the neurodynamic responses, including the hip extension angle and the level of pain/ discomfort. The hip extension angle was measured using a universal goniometer. 13, 16 The intratester reliability of the hip angle measurement established in a pilot study 16 was excellent (intraclass correlation coefficient [model 3,5] = 0.91-0.99; standard error of measurement, 0.52°-1.06°). The intensity of pain/discomfort was indicated by the participant on a visual analog scale (VAS) ranging from 0 to 100 mm, with 0 mm as no pain and 100 mm as the worst pain. The principal examiner was blinded to the hip extension angle and the VAS outcomes, but not to subject grouping. Both examiners were licensed physical therapists with at least 1 year of experience in performing the FST. Following 2 warm-up trials of the FST, 5 trials of the FST for testing purposes were completed. If the patient suffered from bilateral knee pain, the side with more pain was tested. The subject lay on the nontesting side with the trunk and neck in the slump position. Several straps were used to maintain the nontesting leg in full hip flexion and the trunk in slump position, and to keep the testing knee in full flexion. The testing leg was supported by a suspension belt to allow movement only in the horizontal plane during the testing. Neck extension movement was used as the structure differential maneuver. The examiner first pushed the hip joint into extension until the onset of pain/discomfort, and the hip extension angle (ROM1) and the intensity (VAS1) of the pain/discomfort were recorded. The subject was also given a body chart on which to locate any pain/discomfort during the FST, and was asked to describe the nature of the perceived pain/discomfort during the test. In addition, patients were asked to compare the differences or similarities in FST-induced pain and the anterior knee pain they experienced during daily activities. Then, the subject extended the neck, and the level of pain/discomfort (VAS2) was recorded again. With the neck in the extended position, the examiner brought the subject's thigh back to the starting position and pushed the hip joint into extension until the onset of pain/discomfort, at which point the hip extension angle (ROM2) was recorded (FIGURE 1).
The hip extension angle ROM1 was used to determine the mechanosensitivity of the femoral nerve. A larger hip extension angle indicated a lower level of femoral nerve mechanosensitivity. Of the 5 testing trials, scores from those 3 trials in which the values of the hip extension angle were closest were selected for further analysis. The ROM1, ROM2, VAS1, VAS2, and ROM1-2 (ROM1 -ROM2) were averaged over 3 selected trials. The change of pain/discomfort (VAS1 -VAS2) with the application of the structure differential maneuver was also categorized as increased, decreased, or unchanged. Subjects with anterior knee pain (patient group) were divided into positive and negative FST groups. If the FST reproduced the patellar symptoms in the patient with anterior knee pain and the symptoms decreased or disappeared with neck extension (the structure differential maneuver), the patient was allocated to the positive FST group. If the patient's patellar symptoms were not reproduced by the FST or did not change with neck extension, the patient was allocated to the negative FST group.
Data Analysis
The between-group comparisons of muscle strength, flexibility, and lower extremity alignment were performed using the t test or chi-square test. The 2-way, repeated-measures analysis of variance was used to compare differences in hip extension angle (ROM1, ROM2) between the patient group and the control group, and the 1-way analysis of variance was used to compare change in hip extension angle (ROM1-2) between the patient group and the control group. Owing to the uneven sample size, the group difference in hip extension angle (ROM1, ROM2, and ROM1-2) between the positive FST group and the negative FST group and the control group was examined using the Kruskal-Wallis analysis. The Pearson correlation coefficient was used to assess the relationship between muscle flexibility/ strength and the hip extension angle. The significance level was set at .05. All statistical analyses were performed using SPSS Version 16.0 (SPSS Inc, Chicago, IL).
RESULTS
T
hirty subjects were recruited for both the patient group and the control group. No significant group differences were found for age, weight, Abbreviations: ROM1, range-of-motion hip extension angle before neck extension (structure differential maneuver); ROM2, range-of-motion hip extension angle after neck extension (structure differential maneuver); VAS1, visual analog scale level of pain/discomfort before neck extension (structure differential maneuver); VAS2, visual analog scale level of pain/discomfort after neck extension (structure differential maneuver.
height, or leg dominance (TABLE 1). The average  SD duration of anterior knee pain was 39.9  31.5 months, and the average  SD pain level (VAS) over the week before testing was 36  9.6 for the patient group. Subjects with and without anterior knee pain showed similar lower extremity muscle flexibility, muscle strength, and alignment, and a larger Q-angle was found for the anterior knee pain group (TABLE 2). The application of the FST resulted in a stretching/tightness discomfort or painful sensation over the anterior thigh in most of the subjects, and some reported pain around the patella (FIGURE 2) . Based on the testing responses of the 30 subjects with anterior knee pain, 8 were categorized into the positive FST group and the remaining 22 subjects into the negative FST group. Those patients who reported reproduction of their original painful symptoms with the application of the FST were categorized in the positive FST group, and the FSTreproduced patellar pain decreased or disappeared after applying the differential neck extension maneuver. The location of anterior knee pain symptoms was mostly on the superior rim of the patella. Those patients in the negative FST group only reported anterior thigh pain, but not reproduction of patellar symptoms (FIGURE 2). There was no significant subgroup difference in any of the basic data, measures of muscle flexibility, strength, and lower extremity alignment, or imaging parameters.
Two-way, repeated-measures analysis of variance showed a significant group effect (control versus patient, P = .006) and neck position effect (flexion versus extension, P<.001) for the hip extension angle. No significant group-by-neck position interaction was detected. Post hoc tests indicated that patients with anterior knee pain had significantly smaller ROM1 (mean difference, 4.2°; 95% confidence interval [CI]: 1.24°, 7.15°; P = .006) and ROM2 (mean difference, 4.2°; 95% CI: 1.27°, 7.11°; P = .006) than the control subjects (TABLE 3). The hip extension angle change (ROM1-2) after the structure differential neck extension maneuver did not show any between-group difference (mean difference, 0.2°; 95% CI: -0.51°, 0.88°; P = .959). The hip extension angle did not correlate with any of the flexibility (r = -0.078 to 0.086, P>.05) or strength (r = 0.032 to 0.105, P>.05) measurements.
The results of the Kruskal-Wallis analysis showed a significant group effect (positive FST versus negative FST versus control group) for ROM1 (P = .014) and for ROM2 (P = .016). No significant group effect was found for ROM1-2 (P = .125). The post hoc test indicated that patients with a positive FST had a smaller hip extension angle than the control subjects (ROM1 mean difference, 6.3°; 95% CI: 0.8°, 11.8°; P = .007; ROM2 mean difference, 5.6°; 95% CI: 0.1°, 11.0°; P = .011), but there was no significant difference in the hip extension angle between the positive and negative FST groups (mean difference, 2.9°; 95% CI: -8.5°, 2.0°) or between the negative FST and control groups (mean difference, 3.4°; 95% CI: -0.4°, 7.3°) (TABLE 3).
DISCUSSION
T his is the first attempt to examine the neurodynamic responses to the FST in patients with anterior knee pain. Our results showed that patients with anterior knee pain had a smaller hip extension angle during the FST as compared to the control group. This finding was supported by previous reports that symptomatic patients had a smaller joint ROM during neurodynamic testing.
9, 25 Yaxley and Jull 25 measured shoulder abduction angle during radial nerve neurodynamic testing and found that the shoulder abduction angle was 24.2° in patients with tennis elbow and 36.6° in the asymptomatic controls. Grant et al 9 conducted the radial nerve neurodynamic testing in patients with work-related shoulder-neck pain and revealed that patients had a smaller shoulder abduction angle (28.9°  1.1°) than the control subjects (41.0°  1.3°). These authors 9 suggested that the radial nerve could tolerate a lower stretch force in symptomatic patients. Traditionally, anterior knee pain has been linked to problems in lower extremity alignment, flexibility and strength, and overuse. Our data were the first evidence showing that mechanosensitivity of the femoral nerve might play a role in the occurrence of anterior knee pain.
The increase in femoral nerve mechanosensitivity in patients with anterior knee pain might be the result of the longstanding, abnormal mechanical inputs from malalignment of the patellofemoral joint or an overstretched lateral retinaculum of the knee complex. 21 following artificially induced local neuritis of the peroneal or sciatic nerve in adult rats. Observations made by Sanchis-Alfonso and Roselló-Sastre 21,22 that patients with anterior knee pain presented with hyperinnervation in the lateral retinaculum might also explain the alteration of femoral nerve mechanosensitivity in the patient group.
During the FST, control subjects and those patients with a negative FST reported stretching tightness at the anterior thigh, whereas patients with a positive FST reported reproduction of their original patellar pain in addition to stretching discomfort. The location of the FST-induced discomfort/tightness (the anterior thigh) was in agreement with results shown by Lai et al. 13, 14 The FST-reproduced patellar pain in patients with a positive FST was mainly located at the superior rim of the patella (FIGURE 2). As the medial and lateral patellar nerves enter the patella from its medial-and lateral-superior border, 18 this location of nerve entrance was consistent with the location of the reproduced anterior knee pain during the FST.
When comparing the neurodynamic responses between the positive FST, negative FST, and control groups, the difference in hip ROM occurred only between the positive FST group and the control group but not between the positive and negative FST groups, nor between the negative FST group and the control group. Petersen et al 20 showed similar results in their study investigating radial nerve neurodynamic responses in patients with unilateral, nonspecific shoulder-neck pain. Their data revealed that patients with positive test results had a smaller shoulder abduction angle than that of the controls (31.1° versus 37.3°), but patients with negative test results had a similar shoulder abduction to that of the patients with positive testing (33.9° versus 31.1°). 20 The findings of our subgroup analysis suggested that, compared to the a symptomatic subjects, only patients with a positive FST showed altered femoral nerve mechanosensitivity. However, if the femoral nerve mechanosensitivity should be addressed in the assessment and treatment for a subgroup of patients (positive FST) with anterior knee pain needs to be examined further, as we failed to identify any hip ROM difference between the positive and negative FST groups, and fewer than a third of the patients with anterior knee pain presented with a positive FST. One of the problems might be due to the validity of the FST in assessing anterior knee pain. Lai et al 14 reported a 75% specificity of the FST in the assessment of nonneural-originated anterior knee pain, which indicated that only 3 out of 4 subjects showed expected responses to the FST. This large error in diagnostic accuracy when identifying compromised femoral nerve mechanosensitivity in patients with anterior knee pain might have had an impact on our findings. The nonsignificant finding between the 2 patient subgroups could also be a result of the small sample size (8 for the positive FST group). The average hip extension angles in the positive FST, negative FST, and control groups were -5.7°, -2.9°, and 0.6°, respectively. Based on the data, each subgroup would need to contain at least 18 subjects to reach a statistical power of 0.8. Comparing our data with the results of Grant et al, 9 we also observed larger standard deviations for our measurement of hip extension angle (4.3°-5.4°) compared to their measurement (1.1°-1.3°). These large errors might have impacted the results of the statistical analysis. In addition, we did not match the leg dominance for the positive and negative FST groups in the subgroup analysis. Previous data indicated that the dominant leg had a smaller hip extension angle during the FST than the nondominant leg. 13, 16 This mismatch might also have affected our subgroup analysis. Whether the FST could be used to identify a subgroup of patients with anterior knee pain whose femoral nerve mechanosensitivity problems suggest a specific treatment strategy needs further research for clarification.
We did not find any group or subgroup difference in ROM1-2, the change in hip extension angle after the structure differential maneuver. No previous study has compared ROM change following the structure differential maneuver in patients and asymptomatic subjects. The only study that has reported ROM change after the structure differential maneuver was Herrington et al, 10 who compared bilateral differences of ROM1-2 and showed that leg dominance had no effect on the ROM change during the straight leg raise and slump tests. Our findings seem to indicate that although the mechanosensitivity of the femoral nerve was compromised in some patients with anterior knee pain, the effect of the proximal tension change on the nervous system (the structure differential neck extension) was not influenced by the presence of anterior knee pain. This theory and the clinical implications of this finding need to be examined further. Some researchers have questioned the possible effects of connective tissue or muscle flexibility on the results of neurodynamic testing. 1, 4, 13, 15, 16 The results of our current investigation revealed that the hip extension angle did not correlate with any of the lower extremity muscle strength or flexibility measurements in patient and control groups. This finding was supported by previous work by Boyd et al, 1 Coppieters et al, 4 Lai et al, 13 and Lew and Briggs, 15 who found that the major lower extremity muscles did not influence neurodynamic testing results.
Limitations
The major drawbacks of this study were the small sample size and not matching leg dominance between the positive and negative FST groups, which might have led to nonsignificant findings of the subgroup analysis. The differences in the neurodynamic responses between patients with positive and negative FST responses need to be further examined with a bigger sample size and matched leg dominance. The examiners were not blind to the subject grouping in this study, and, therefore, the possible influence of the examiner's knowledge of a subject's condition on the findings could not be ruled out. Despite the significant difference in hip extension angle between the control and anterior knee pain groups, the small between-group difference in hip ROM (3°-4°) was measured in a controlled laboratory setting, with 2 examiners and a suspension system to support and stabilize the subject during the test. Whether this procedure could be duplicated in the clinical setting and whether this small variation in hip ROM could reach clinical significance require further investigation. The total flexion position of the knee joint during the test might also have had an impact on the accuracy of the findings. In addition, the subjects of this investigation were between 20 and 48 years of age, thus caution should be used when interpreting these results in individuals outside of this age range.
This was an exploratory cross-sectional study, designed to compare the neurodynamic responses between patients with anterior knee pain and asymptomatic controls. Although the study findings confirmed that patients presented with higher mechanosensitivity of the femoral nerve, no conclusion could be drawn from these results regarding the cause-and-effect relationship of higher femoral mechanosensitivity and anterior knee pain. The role of femoral mechanosensitivity in anterior knee pain should be clarified in the future.
CONCLUSION T
his study investigated the neurodynamic responses, including hip extension angle and pain, during the FST in patients with anterior knee pain. We found that those patients with anterior knee pain who presented with a positive FST had a smaller hip extension, that is, increased femoral mechanosensitivity, during the FST. Further studies are needed to examine the role of femoral nerve mechanosensitivity in the mechanism and management of anterior knee pain. T
KEY POINTS FINDINGS:
The FST elicited neurodynamic responses in patients with anterior knee pain, and fewer than a third of the patients presented with a positive FST. Patients with anterior knee pain who presented with a positive FST had increased mechanosensitivity of the femoral nerve as compared to the control subjects. IMPLICATIONS: Altered mechanosensitivity of the femoral nerve occurs in a subgroup (positive FST) of patients with anterior knee pain. Evaluation of femoral nerve mechanosensitivity using the FST might provide valuable clinical information when assessing patients with anterior knee pain. CAUTION: This is a cross-sectional study. No cause-and-effect relationship between femoral nerve mechanosensitivity and anterior knee pain can be concluded. Findings of this study can only be applied to patients between 20 and 48 years of age.
